Males of socially monogamous species can increase their siring success via within-pair and extra-pair 23 fertilizations. In this study, we focused on the different sources of (co)variation between these siring 24 routes, and asked how each contributes to total siring success. We quantified the fertilization routes to 25 siring success, as well as behaviors that have been hypothesized to affect siring success, over a five- 26 year period for a wild population of great tits Parus major. We considered siring success and its 27 fertilization routes as "interactive phenotypes" arising from phenotypic contributions of both members 28 of the social pair. We show that siring success is strongly affected by the fecundity of the social 29 (female) partner. We also demonstrate that a strong positive correlation between extra-pair fertilization 30 success and paternity loss likely constrains the evolution of these two routes. Moreover, we show that 31 more explorative and aggressive males had less extra-pair fertilizations, whereas more explorative 32 females laid larger clutches. This study thus demonstrates that (co)variation in siring routes is caused 33 by multiple factors not necessarily related to characteristics of males. We thereby highlight the 34 importance of acknowledging the multi-level structure of male fertilization routes when studying the 35 evolution of male mating strategies.
INTRODUCTION
increased probability for their social (male) partner to lose paternity. It follows that the evolutionary 83 dynamics of siring routes will not only depend on the sources of (co)variation within the sexes but also 84 across them (Reid et al. 2014a ). Female phenotypic characteristics causing variation in, and covariation 85 among, siring routes can be viewed as environmental effects on siring routes, notably these 86 environmental components have genes and can thus evolve. In the quantitative genetics literature, traits 87 that are affected by the phenotype of other individuals are sometimes called 'interactive phenotypes' 88 (Moore et al. 1997 ). This type of interaction may generate (co)variation in pathways to male 89 fertilization success and affect their response to selection (Wolf et al. 1998; Wolf 2003) . number of eggs sired by a male in a focal year). We had two main objectives: i) determine the 100 contribution of each of the fertilization routes to overall siring success and ii) estimate the extent to 101 which the (co)variation between fertilization routes is determined by characteristics of both members 102 of the social pair and by their response to spatiotemporal variation in environmental conditions. To 103 achieve these goals, we first decomposed male annual siring success into its underlying components: 104 extra-pair fertilization success (the number of eggs that a focal male sired that were laid by females other than its social mate) and within-pair fertilization success (the number of eggs that a focal male 106 sired that were laid by its social mate), which is in turn determined by clutch size (the number of eggs 107 produced by the focal male's social mate) and paternity loss (number of eggs laid by the focal male's 108 social mate that were sired by extra-pair males) (Fig. 1) . We then used a variance-partitioning approach 109 to quantify the relative contributions of male and female identity effects, spatiotemporal effects, and 110 within-male-cross-year (i.e., residual) effects on an individual's siring success (both for total annual 111 success and for each of the underlying siring routes). We refer to "identity" effects as the phenotypic 112 characteristics that vary among-individuals (due to genes and/or permanent environmental effects) and 113 cause variation in any of the fertilization routes. Residual variation captures within-male-cross-year 114 variation; this distinct level of variation reflects important biological processes (Westneat et al. 2015) 115 including patterns of within-individual plasticity in response to unmeasured environmental variables, 116 however, we acknowledge that variation at this level is also caused by stochastic events and/or 117 measurement error. We then extended this variance partitioning approach and estimated the 118 (co)variation between the alternative siring routes and annual siring success caused by the above-119 mentioned sources. 120 This variance partitioning approach does not provide information about the specific individual-121 level phenotypes of males or females affecting an individual's annual siring success, but can be used to 122 quantify the overall importance of phenotypic traits specific to females and males that are not 123 attributable to (within-individual) short-term responses to the environment (Griffing 1967). We 124 therefore proceeded to determine whether specific male behavioral traits were associated with a male's 125 fertilization strategy and whether behavioral traits of both sexes explained variation captured by the 126 male and female identity effects described above. We focused on the effects of male and female 127 exploration behavior and male aggressiveness. Exploration behavior has previously been shown to affect various aspects of extra-pair reproduction in great tits. Studies conducted in a British population 129 found that a male's exploration behavior was positively associated with its extra-pair fertilization 130 success, but negatively associated to its ability to avoid paternity loss (Patrick et al. 2012 As a final step we synthesized the above-mentioned analyses using a path diagram (Fig. 1) . We 140 aimed to model the contribution of each fertilization route to annual siring success, as well as the 141 relationships between the alternative fertilization routes. We also quantified the variance in each 142 fertilization route attributable to aggression and exploration behavior. First, we estimated how much 143 variation in male annual siring success was caused by within-pair fertilization success and how much 144 by extra-pair fertilization success. By definition, these two routes account for all variation in male 145 annual siring success. In a similar fashion, we then quantified the variance in within-pair fertilization 146 success caused by clutch size and paternity loss. Importantly, these two routes can only affect annual 147 siring success through their effect on within-pair fertilization success. We then proceeded to determine 148 the effects of the two behavioral traits on each fertilization route, appreciating that these behaviors can 149 only influence annual siring success by affecting clutch size, paternity loss, and/or extra-pair 150 fertilization success. By combining the information concerning the relationships within and among fertilization routes, we were able to quantify how much of the variance in annual siring success at each 152 hierarchical level (i.e., among-males, among-females, among-plot-years or within-male-cross-years) 153 was attributable to each fertilization route and their correlations, while determining the mediating roles 154 of aggressive and explorative behavior.
155

METHODS
156
Study site 157 We studied a population of great tits breeding in nest boxes in Southern Germany (Bavarian Landkreis Nestlings were blood sampled and marked with an aluminum ring when they were 6 days old; any 163 unhatched eggs or deceased nestlings were collected. Parents were caught with a spring trap in the nest 164 box the next day, measured, bled, and marked with a unique combination of rings if not ringed 165 previously. 166 167 We recorded a total of 8182 eggs in our population distributed over 990 first clutches (defined as nests 168 starting within 30 days after the first egg of the focal year in a focal plot was found) between 2010 and 169 2014. Because we were interested in siring success and aimed to avoid bias in our measure due to 170 variation in hatching success or early survival of within-or extra-pair offspring (García-González 171 2008), we attempted to genotype all successfully fertilized eggs (i.e., hatched nestlings, unhatched eggs and nestlings deceased prior to blood sampling). We were able to genotype 7109 (81%) of the 8182 173 recorded eggs. We performed genetic parentage assignments for these 7109 fertilized eggs using 174 genetic and spatial information incorporated in Bayesian full probability models (R package   175 MasterBayes; Hadfield et al. 2006 ). We excluded all breeding attempts where maternity was uncertain 176 (i.e., where the genetic mother was not sampled) and used a 90% confidence cut-off to take a paternity Male aggressiveness assay 191 We measured male aggressive responses to standardized simulated territorial intrusions for each first 192 brood. Each male was subjected to two aggression tests during the laying phase of its social mate (one 193 and three days after the first egg was found) and two during her incubation phase (one and three days after the onset of incubation). The behavioral test started when a taxidermic mount of a male great tit 195 with a playback song was presented one meter away from the subject's nest box on a 1.2 meter wooden Importantly, the probability that a male responded to an aggression test was positively related to the 207 intensity of its response when responding (mean r =0.75, 95% CI=0.08, 1.00). This suggests that the 208 response towards a simulated territorial intrusion is a measure of how much a male invests in territory 209 defense.
Male variation in siring success
210
Exploratory behavior assay 211 We assayed exploration behavior of males and females when their nestlings were 7 days old. We 212 recorded exploration behavior using a cage test adapted from the "novel environment test" used to 
Statistical analyses
222
Variance partitioning of routes to siring success 223 We first quantified the sources of variation in male annual siring success and its underlying 224 components, clutch size, paternity loss, within-pair fertilization success, and extra-pair fertilization 225 success. We used mixed-effects models to determine variance attributable to male identity (n=558 To achieve the partitioning of variance, we used mixed-effects models with random intercepts 236 for male and female identity (see Appendix S1 for model equations). We also included random intercepts for each combination of plot and year (plot-year; 60 levels) to quantify any (interacting) 238 spatial and/or temporal effect on male fertilization routes and siring success. For these and all 239 subsequent models, annual siring success, within-pair fertilization success, and clutch size were 240 modeled with a Gaussian error distribution. Paternity loss and extra-pair fertilization success were 241 modeled assuming an over-dispersed Poisson distribution. We acknowledge that zero inflation may be 242 a concern not fully dealt with by modeling over-dispersion in this way and we therefore also fitted 243 models with these variables coded as a binary trait and assuming a binomial error distribution (Table   244 S2, Appendix S2).
245
Covariation between fertilization routes and siring success 246 We used a series of bivariate mixed-effects models to quantify the relationships between the 247 fertilization routes and annual siring success at the different levels (i.e., among-males, among-social 248 females, among-plot-years, and within-individuals). These models always consisted of two response 249 variables with a random effect structure analogous to the univariate models (see Appendix S1 for a 250 detailed description). We used these models to quantify i) the effect of each fertilization route on 
260
Annual siring success, clutch size and within-pair fertilizations were modeled on the data scale (i.e., 261 using a Gaussian error distribution) and paternity loss and extra-pair fertilizations on a log scale (using 262 a Poisson error distribution). We also constructed these multivariate models with paternity loss and 263 extra-pair fertilizations fitted as Gaussian and binomial responses to ensure that the interpretation of the 264 results were robust to the chosen error distributions (see Appendix S2, Table S3 and S4).
265
Correlations between behavioral traits and fertilization routes. 266 We also quantified relationships between behaviors and fertilization routes. As above, we used a series Table S5 ).
277
Pathways to annual siring success 278 We summarized the results from the above-mentioned bivariate models to study the relationships 279 between behavior, siring routes and siring success using the path diagram depicted in Figure 1 (see 280 table S1 for a summary of these models). We aimed to model the hypothesized causal relationships of 281 behavior affecting each fertilization route, and the fertilization routes affecting overall siring success. and variance explained were calculated using Wright path rules (Wright 1934) , multiplying the effect sizes of the different steps in the path of each trait to annual siring success (see table 5 ).
General modeling procedures
307
We fitted mixed-effects models (detailed above) using a Bayesian framework implemented in the R- lower numbers of extra-pair fertilizations (Table 4 ). The link between male exploration behavior and 364 extra-pair paternity gain was, notably, at the among-male level. In other words, males that were on 365 average highly explorative across years were also on average gaining less extra-pair paternity. The 366 overall effect of male aggression on extra-pair paternity gain was "significant", although none of the 367 level-specific effects were "significant" ( Instead, the effects of extra-pair fertilizations and paternity loss on male annual siring success were 384 mostly linked to within-individual-cross-year (i.e., residual) variation ( 2015), and this is also the case in our population (see Appendix S2, Table S6 ). As documented in other 435 studies (Cleasby and Nakagawa 2012) age did not affect paternity loss in our population. 436 We did not find significant among-male correlations between any of the fertilization routes. 437 Thus, males that consistently had a higher number of extra-pair fertilizations did not necessarily have a 438 higher number of within-pair fertilizations ( Table 3 ), implying that there were no "super" males that 439 were able to consistently monopolize both within-and extra-pair fertilizations. Furthermore, males that 440 gained more extra-pair fertilizations did not necessarily suffer more paternity loss (Table 3) . Thus, 441 there is no evidence for a trade-off between investing in behaviors that increase extra-pair fertilizations 442 and investing in securing within-pair fertilizations. Note, however, that the estimates of these 443 correlations had broad confidence intervals, despite relatively high sample sizes. Our interpretations 444 about the significance and biological meaning therefore need to be considered with care. 445 We found that within-pair paternity loss was highly positively correlated at the plot-year level.
446
This means that in areas and years where more extra-pair fertilizations occur there is on average more 447 paternity loss. This is an expected result that comes with interesting evolutionary implications. Table 2 for the correlations and result from an unknown environmental factor affecting both traits simultaneously.
493
Our results further suggest that more exploratory males had a lower extra-pair fertilization 494 success. Because this effect was at the among-male level, it should lead to negative directional 495 selection favoring slow-exploring males. However, given that repeatable differences in paternity loss 496 were small and did not translate into repeatable differences in annual siring success ( Table 2 . Multi-level pathways to annual siring success. Shown are total effects of the fertilization routes on annual siring 706 success (β) and proportion of variance explained (R 2 ). Effect sizes and proportion of variance explained were also 707 calculated at the among-male, among-female, among-plot-year and residual levels. Within-and extra-pair fertilizations 708 directly affect annual siring success (paths and models 1 and 2), whereas paternity loss and clutch size can only affect 709 annual siring success through their effects on within-pair fertilizations (paths and models 3 and 4). Effect sizes and 710 proportion of variance explained were calculated from the multi-level covariance estimates extracted from bivariate-mixed 711 effects models. The slopes (β) were calculated as the covariance between the variables divided by the variance of the focal 712 route and the variance explained as the squared correlation (R 2 ). When the effect size (β) is not significant, the proportion of 713 variance explained (R 2 ) is not interpretable and is printed in italics. We present the estimates of the models in the data scale 714 for all variables so the effect sizes and variance explained can be interpreted in terms of number of fertilized eggs (see Table  715 S3 for results assuming other error distributions). and 1 (if a male had "lost at least one within-pair chick or "gain" at least one extra-pair chick) . should be interpreted as a probability. Table S5 . Effects of male and female behavioral traits on the alternative fertilization routes: clutch size, paternity loss and extra-pair fertilizations. Effects were calculated at the among-male, amongfemale, among-plot-year and residual levels. The behavioral traits can only affect annual siring success through their effects on paternity loss, clutch size and extra-pair paternity gain. The pathways presented are hypothesized relations between behavior and the fertilization routes based on previous studies (see Introduction; paths and models 9-13). We present these relationships as slopes, which may represent causal effects depending on the specified level. Estimates presented are the mean of the posterior distribution and in parentheses the lower and upper credible interval limits (95% CI). Extra-pair fertilizations and paternity loss were modeled assuming a Gaussian error distribution.
Behavioral paths
Male Female Plot-year Within-male-crossyear Table S7 . Age effects on within-pair paternity loss and extra-pair paternity gain derived from mixed-32 effect models. Parental age is based on birth year for locally born birds or plumage characteristics at 33 first catching for immigrants (Svensson 1992) . Immigrants first caught with adult plumage are assigned 
